A simple and practical method for measuring the angle-resolved light scattering (ARLS) from individual objects is reported. Employing the principle of inline holography and a Fourier transform light scattering technique, both the static and dynamic scattering patterns from individual micrometer-sized objects can be effectively and quantitatively obtained. First, the light scattering measurements were performed on individual polystyrene beads, from which the refractive index and diameter of each bead were retrieved. Also, the measurements of the static and dynamic light scattering from intact human red blood cells are demonstrated. Using the present method, an existing microscope can be directly transformed into a precise instrument for ARLS measurements.
Static angle-resolved light scattering (ARLS) and dynamic light scattering (DLS) can reveal information about the morphology and dynamic diffusive properties of scatters, which are normally accessible using goniometer-based instruments [1] . Until recently, it has been widely accepted that ARLS or DLS is difficult to measure using individual micrometer-sized samples. The recently developed Fourier transform light scattering (FTLS) technique has provided a means to measure two-dimensional light scattering from individual samples with unprecedented sensitivity [2] . The FTLS numerically propagates the scalar electric field (E field) at the sample plane, which is typically measured via quantitative phase imaging (QPI) to the far field by Fourier transformation [2] . The powerful capability and effectiveness of the FTLS has been shown in several studies using various samples: biological tissues [3, 4] , cells [5] [6] [7] [8] , and colloidal clusters [9] . However, the FTLS technique requires E field measurements. Previously employed diffraction phase microscopy (DPM) for QPI inevitably imposes a complicated optical setup and careful alignment [10, 11] ; thus, it has limitations in being employed in practical applications.
Here we present a method of measuring the ARLS from individual transparent micrometer-sized samples in a simple imaging system such as commercial microscopy. FTLS is integrated into a digital inline holographic geometry and it is demonstrated that both the static and DLS signals can be measured effectively. In inline digital holography, a separate reference beam path is not required, which significantly simplifies the optical geometry [12] . The measurements of the static light scattering patterns are demonstrated from individual polystyrene beads, from which both the refractive index and bead diameter were simultaneously retrieved. We also present the static and DLS measurements from individual live human red blood cells (RBCs) and show that biomechanical properties of the RBCs can be quantified.
The experimental setup consists of two parts: a conventional optical microscopy and a coherent laser illumination (Fig. 1) . A spatially filtered laser beam (diode-pumped solid state laser (DPSS), unpolarized, wavelength λ 532 nm, 100 mW, Shanghai Lasers Inc., China, or a He-Ne laser, λ 633 nm, 5 mW, Thorlabs Inc., USA) illuminated the samples loaded on a custom inverted microscope, and then the beam scattered from the sample was collected using an objective lens (UPLANFLN ×20, N:A: 0.5 or UPLANFLN ×60, N:A: 0.9, Olympus Inc., Japan) and a tube lens. The scattered beam was then recorded as an inline hologram using a sCMOS camera (Neo sCMOS, Andor Inc., UK). The objective lens was intentionally defocused in order to obtain clear inline holograms. The defocusing distance −z satisfied the Fresnel number requirement to be smaller than 0.1, which guarantees effective twin image elimination [13] .
Once inline holograms were measured at z 0, the twin image elimination was numerically performed. The measured inline hologram [ Fig. 2(a) ] was numerically propagated to a conjugate image plane at z z 0 by Rayleigh-Sommerfeld back propagation. By identifying the clear edge of the samples, the regions inside the edge of samples corresponding to the source of the twin image at z −z 0 , was replaced by the average E field value of the region outside the edge. The resulting E field was then propagated onto the image plane at z −z 0 . In principle, the source of the twin image was completely removed and the twin image should not appear on the real image when the outside the edge was replaced with the average value of background. In practice, however, due to the limited signal-to-noise ratio in the measured hologram, the process for removing the twin image was repeated several times. After 15 integrations, the twin images were successfully removed, and the amplitude and phase images of the scalar E field Ux; y provided correct sample information [Figs. 2(b) and 2(c)]. The detailed procedure for removing twin image can be found elsewhere [13] [14] [15] . From the scalar E field in which the twin image was removed, the far-field scattering intensity can be calculated by applying a 2D spatial Fourier transformation, as follows [2, 5] :
where q x , q y are spatial frequencies defined as q x 2πnsin θ x ∕λ, q y 2πnsin θ y ∕λ. In order to demonstrate the feasibility of the present method, the light intensity scattering patterns of individual microbeads were measured with the DPSS laser. Polystyrene beads (Invitrogen Inc., diameter 9.6 μm, refractive index n 1.599 at λ 532 nm) that were submerged in phosphate buffered saline solution (n 1.337 at λ 532 nm) were first recorded as inline holograms [ Fig. 2(a) ]. The E field is obtained by removing the twin image from the measured hologram [Figs. 2(b) and 2(c)], which were comparable with those that can be obtained using the DPM. Then the 2D light scattering pattern of the bead was calculated by applying the Fourier transformation to the E fields [ Fig. 2(d) ]. In order to confirm the validity of the measurement, we compared the measured scattering pattern with a theoretical scattering pattern. The measured scattering pattern was consistent with the numerical results based on Mie scattering theory that had a corresponding size and refractive index of the measured bead [ Fig. 2(e)] .
To explore the possible applications of the present method, the retrieved refractive index and size of the bead was retrieved by matching the measured light scattering patterns with the theoretical scattering patterns.
The refractive index and size of the bead were retrieved from the theoretical Mie scattering pattern that maximized the cross correlation with the measured pattern [16] . The average refractive index and size of the 29 polystyrene beads was measured as 1.594 0.011 and 4.56 0.215 μm, respectively, and they are within the range specified in the manufacturer's description. One can also determine size and index of colloidal spheres by directly fitting a model based on the Lorenz-Mie solution to recorded holograms [17] .
To further demonstrate the capability of the present method, we address both the static and DLS of individual biological cells using inline holography. We prepared human RBCs from a healthy donor as previously described in [5] and the inline holograms of intact individual RBCs were measured with the He-Ne laser [ Fig. 3(a) ], from which the E fields were retrieved by removing the twin images [ Fig. 3(b) ] as described above. The measurements were conducted at room temperature (27°C). Then we calculated the light scattering patterns for the E field map using the FTLS. The ARLS intensity patterns measured from the individual RBCs [ Fig. 3(c) ] were in good agreement with the previous measured results using the DPM [5] [6] [7] .
Then we analyze the DLS signals of the individual RBCs in order to address the biophysical properties of the cell membrane. Since the one-shot hologram measurement generates one ARLS pattern, sequential recordings of the holograms directly enable the DLS measurements [2] . For the quantitative analysis, we calculated normalized temporal autocorrelation functions from the measured DLS signal at each scattering angle hIτI0i ∕hIτi 2 . The spectrum of the DLS signal can be approximated as Lorentzian, and its autocorrelation is described as a damped cosine function with a peak frequency ω 0 and a linewidth Γ where the phase term φ is to include the deviation of the spectrum from an exact Lorentzian, and the β term represents the instrumental variations. We measured the sequential inline holograms of individual RBCs for 4 s with a frame rate of 125 Hz. The ω 0 and Γ for the individual RBCs were retrieved by fitting the temporal autocorrelation functions to Eq. (2) at low scattering angles (2°-10°). The values of ω 0 and Γ can be qualitatively related to effective cell elasticity and cell viscosity. The retrieved values were found to be 0.85 0.62 Hz and 5.18 2.84 Hz, respectively. The values of ω 0 and Γ are in good agreement with the previous reports measured using DPM [5, 6] . This indicates that the DLS signal from individual biological cells can be effectively probed by a conventional microscope.
In summary, we present a simple and practical method for measuring light scattering from individual micrometer-sized objects. Using the principle of inline holography and an FTLS technique, we demonstrate that both static and DLS from individual objects can be quantitatively and precisely measured. It was also demonstrated that the size and refractive index of the individual microbeads were effectively retrieved; the mechanical properties of human RBCs were successfully addressed.
The incorporation of the proposed method into a commercial microscope should be straightforward, which allows the present technique to be readily available in diverse experimental environments. Furthermore, it can even be incorporated with a lensless inline holography in a portable electronic device [19] for point-of-care diagnostics. This method has several potential applications: (1) light scattering signals can be extracted from previously measured inline holograms, (2) ARLSs and micrographic images should be able to be measured simultaneously using existing optical microscopy, and (3) the traditional bulky instrumentation for measuring light scattering can be also miniaturized and it will potentially find new applications. One drawback of the inline geometry is that effective NA of the system is reduced, since the holograms are measured at a certain defocus. Nonetheless, the present technique is sufficiently broad and general to allow for potential applications in optics, cell biology, biophysics, biochemistry, biotechnology, and biomedicine, wherever light scattering measurement can have an impact. 
